We have used cDNA probes derived from the secretory form of the Na-K-CI cotransporter to screen both cortical and medullary rabbit kidney cDNA libraries. A sequence of 4750 bases was identified from multiple clones. The DNA encodes a protein containing 1099 amino acids, which is 61% identical over its length to the secretory Na-K-Cl cotransporter from shark rectal gland. From analysis of amino acid hydropathy, we predict that this putative renal Na-K-Cl cotransporter has 12 transmembrane helices and large N-and C-terminal cytoplasmic regions. Two sites for N-linked glycosylation are predicted on an extracellular loop. Three potential sites for modulation by protein kinase A are in the C-terminal cytoplasmic domain. Most of the isolated renal cDNA clones were identical over all regions of overlap; however, there was a 96-bp region for which there were three different but homologous variants (A, B, and F). This region of divergence was identified as an alternatively spliced cassette exon since clones were identified that contained intronic DNA as well as consensus splice acceptor sites that bounded the region. Tissue Northern blot analysis revealed a broad band at -5.1 kb that was unique to the kidney. High-stringency Northern blot analysis of cortical and medullary mRNA using antisense oligonucleotides synthesized over each of the three cassette exons revealed that the isoforms were differentially distributed within the kidney-B almost exclusively in cortex, F almost exclusively in medulla, and A about equally distributed.
cytoplasmic domain. Most of the isolated renal cDNA clones were identical over all regions of overlap; however, there was a 96-bp region for which there were three different but homologous variants (A, B, and F). This region of divergence was identified as an alternatively spliced cassette exon since clones were identified that contained intronic DNA as well as consensus splice acceptor sites that bounded the region. Tissue Northern blot analysis revealed a broad band at -5.1 kb that was unique to the kidney. High-stringency Northern blot analysis of cortical and medullary mRNA using antisense oligonucleotides synthesized over each of the three cassette exons revealed that the isoforms were differentially distributed within the kidney-B almost exclusively in cortex, F almost exclusively in medulla, and A about equally distributed.
The ability of the mammalian kidney to produce a concentrated urine is dependent largely on the transport properties of the thick ascending limb of the loop of Henle (TAL) in which NaCl is reabsorbed in excess water. Early micropuncture studies demonstrated that fluid emerging from the TAL was dilute (1, 2) and subsequent studies using in vitro microperfused TAL segments helped define the cellular transport process as active Cl absorption dependent on the basolateral Na pump (3, 4) . It is now known that reabsorption of salt in the TAL requires the activity of an apical cotransporter, which uses the inward gradient ofNa generated by the basolateral Na pump, to move Na, K, and Cl in an electrically neutral fashion (5) . As specific inhibitors of the Na-K-Cl cotransporter, the clinically important "loop" diuretic drugs furosemide and bumetanide block the last major site of Na reabsorption in the nephron and cause salt and water loss.
The Na-K-Cl cotransporter has been identified as a [3H]-bumetanide-binding protein in mammalian kidney (6) and numerous other tissues (7, 8) . Although there has been little progress in purification of the protein from kidney, photoaffinity labeling studies using an analog of bumetanide have identified a 150-kDa glycosylated protein as at least part of the cotransporter (9) . Recently, we cloned and expressed a cDNA encoding the basolateral form of the bumetanide-sensitive Na-K-Cl cotransporter from a model secretory epithelium, the shark rectal gland (10) . On Northern blot analysis, this cotransporter is encoded by a widely distributed 7.4-kb message in shark tissues. We also identified an abundant -5.2-kb message that was unique to shark kidney. Physiological and immunolocalization studies (11, 12) show that in the shark, as in the mammal, the Na-K-Cl cotransporter is predominantly an apical membrane protein in the kidney, whereas it has a basolateral distribution in secretory epithelia. These findings, as well as differences in protein molecularweights (see ref. 13 ), diuretic affinities (14) , and antibody recognition (12, 15) , suggest that the absorptive form of the Na-K-Cl cotransporter in the kidney is a distinct isoform, possibly encoded by a separate gene. In this report, we present the cloning and sequencing of a cDNA from rabbit kidney, which is proposed to encode the renal absorptive form of the Na-K-Cl cotransporter. Three alternatively spliced variants of this gene have been identified and were found to display a distinct differential distribution in the kidney cortex and medulla.* MATERIALS AND METHODS Cloning and Sequence Analysis. Probes were obtained from a human colonic (184) cDNA library by screening with shark rectal gland Na-K-Cl cotransporter cDNAs (J. C. Xu, J.A.P. and B.F., unpublished data). Two nonoverlapping clones, encoding the transmembrane region of the T84 Na-K-Cl cotransporter (J.A.P., J. C. Xu, and B.F., unpublished data), were obtained; these displayed 55% and 75% identity to the shark cotransporter (-107-747 and 988-2194 nt). The T84 cDNAs were labeled with 32P by random priming and used to screen two rabbit kidney libraries ( tory Na-K-Cl cotransporter (see Materials and Methods). Forty-two cDNAs were plaque purified and excised into Bluescript SK-(10 from cortex and 32 from medulla). Each cDNA was characterized by restriction enzyme analysis, Southern blotting, and 5'-and 3'-end sequencing. Among six overlapping clones that were sequenced in full (see Fig. 4 below), all were identical at the nucleotide level except for a short 96-bp region (discussed below), a piece of intronic DNA (clone C24a), and several single base changes that were presumably due to library construction artifacts or allelic variation (19) . An overlapping nucleotide sequence of 4750 bp was thus identified (NKCC2; Fig. 1 The hydropathy analysis ofNKCC2 ( Fig. 2A) demonstrates a large central hydrophobic region bounded by N-and C-terminal hydrophilic domains-very similar to the profiles of the NKCC1 and the thiazide-sensitive Na-Cl cotransporter from flounder urinary bladder (TSC; ref. 21) . We presume that the N and C termini are cytoplasmic, based on homology with the corresponding regions in NKCC1. Our current interpretation of the hydropathy plot modeled in Fig. 2B thus includes 12 transmembrane helices in the central region (indicated as bars in Fig. 2A ). The polypeptide sequence of NKCC2 has 7 potential N-linked glycosylation sites (Fig. 1) . In the proposed model, 2 of these sites are located in an extracellular hydrophilic region of the protein between putative transmembrane segments 7 and 8.
The degree of identity between NKCC2 and the secretory Na-K-Cl cotransporter is illustrated by the color coding ofthe hydropathy plot in Fig. 2A . In addition, the bottom line in Fig. 2A shows the homology with TSC, which displays 45% identity over the full length. Overall, the hydrophobic regions display the greatest similarity among these proteins, with 57-100% (NKCC2 to NKCC1) or 29-91% (NKCC2 to TSC) identity seen in the putative transmembrane domains. Predicted transmembrane segments 1, 3, 6, 8, and 10 all show >91% identity between NKCC1 and NKCC2. At least two regions that are predicted to be outside of the membrane are highly conserved-these include the loop connecting helices 2 and 3, and a short region in the center of the C-terminal hydrophilic domain. There is also significant homology to cyanobacterial (22) and Caenorhabditis elegans (23, 24) sequences, as previously discussed for NKCC1 (10) .
Vasopressin, acting through adenylate cyclase, is known to increase reabsorption of NaCl across the TAL of some mamProc. Natl. Acad. Sci. USA 91 (1994) Proc. Natl. Acad. Sci. USA 91 (1994) To determine the tissue expression of NKCC2 and related mRNAs, we examined a Northern blot containing poly(A)+ RNA from several rabbit tissues, T84 cells, and shark rectal gland. Using an antisense cRNA probe encoding a conserved region of NKCC2, a broad band at :5.1 kb was expressed at a very high level in rabbit kidney and was specific to the kidney (Fig. 3) . The only other transcript detectable at this exposure was a 7.4-kb message in shark rectal gland, which -corresponds to the Na-K-Cl cotransporter mRNA transcript, previously identified in this tissue (10) . Upon longer development, a transcript was detected between 7.0 and 7.5 kb in large intestine, stomach, and T84 cells (data not shown). This latter transcript was detected at a high level with a cRNA a probe made from the human colonic Na-K-Cl cotransporter have isolated from rabbit kidney encodes the absorptive form of the Na-K-Cl cotransporter. Na-K-Cl
In characterizing the 42 clones isolated from the renal cDNA d sites for libraries we noted that a single 96-bp region of sequence was irotein kimarkedly divergent among different clones (Fig. 4) . We se-)n (Ser'78, quenced each of the cDNAs over this region and found that ast to the three alternative sequences were represented, termed types A, nsus pro-B, and F. Several cDNAs were also identified, which were Arg-Gluproduced from unprocessed mRNA during library construcith three tion-two ofthese clones contained consensus splice acceptor u-Glu1109; sites (27) (22) . Within the cassette exon, the splice variants exhibit no significantly greater identity to each other (69%) than to NKCC1 (67%6) or TSC (65%). Putative transmembrane segment 2 shows various hydrophobic amino acid substitutions among the proteins. Interestingly, the putative cyanobacterial protein contains residues that are well conserved among the different cotransporters. The amino acids between helices 2 and 3 are particularly well conserved; however, 3 variant residues occur at a regular interval, suggesting a role of one face of an a-helical structure. Also notable within the cassette exon is the preponderance of serine and threonine residues.
It appears important that the alternatively spliced ABF cassette exons encode a transmembrane segment of the protein and that there is strict conservation of about half the residues as well as regularly spaced variability at the 3' end of the exon. It is possible that the peptide encoded in this region forms part ofthe ion translocation pocket and that the variants exhibit different ion affinities or even different ion specificities. It is intriguing to note that K-independent bumetanidesensitive Na-Cl cotransport has been described in the mouse TAL and that its regulation by vasopressin is reciprocal to that of the K-dependent Na-Cl cotransporter (28) . A single medullary cDNA contained both A and F cassettes in tandem (Fig. 4) . Since the ABF cassette exons encode a topologically important portion of the protein (i.e., putative transmembrane segment 2), one would expect them to be differentially spliced in a mutually exclusive fashion. Thus, it seems most likely that the AF tandem construction found in a single cDNA is an artifact ofincomplete splicing and would not produce a functional protein.
The distribution ofthe NKCC2 variants in the rabbit kidney was obtained by isolating poly(A)+ RNA from kidney cortex and medulla and hybridizing at high stringency with synthetic oligonucleotides corresponding to the most divergent region of the ABF cassettes (Fig. 6 ). Whereas variant A was distributed in both cortex and medulla, variant B was restricted to the cortex and variant F was found principally in the medulla. This distribution of the variants was also supported by the origin of the cDNAs: clones isolated from the cortical library that coded over the cassette exon were all of the B form, whereas clones from the medullary library were predominantly of the F form (Fig. 4) . The medullary location of the F form transcript and the high percentage of these cDNAs suggest that this variant encodes the putative Na-K-Cl cotransporter from the medullary TAL and is responsible for NaCl reabsorption in that segment. Taken together, the observations above suggest that the Na-K-Cl cotransporter is broadly distributed in the mammalian kidney and not restricted to the cells of the TAL. This finding agrees well with our immunolocalization study of the Na-K-Cl cotransporter in the shark kidney in which we found that the cotransporter was not restricted to the diluting segment but was expressed at different levels in cells of various segments in the shark nephron (12) .
It was noted in the Northern blot shown in Fig. 6 as well as in other similar experiments that the cortical transcript was -200 bp larger than the medullary transcript. This observation suggests that there are regional differences in RNA processing (e.g., polyadenylylation). At this time, it is unclear whetherthe transcript size difference is directly related to the differential distribution of the splice variants.
The above results provide strong evidence that the NKCC2 cDNA encodes the renal isoform of the Na-K-Cl cotransporter: the newly described cDNA is 61% identical to that of the secretory Na-K-Cl cotransporter and the mRNA transcript appears to be found exclusively in the kidney. We also report the intriguing discovery of a cassette exon that is alternatively spliced in three variants and the finding that these are differentially expressed in renal cortex and medulla.
Note Added in Proof. After submission of this paper, we obtained functional expression of a chimera containing 72% of the rNKCC2a sequence, including all of the transmembrane domains and the large C terminus. The construct was composed of Met'-Thr218 of hNKCC1 (29) and Met'05-Ser'099 of rNKCC2a. When stably expressed in HEK-293 cells, the cDNA directed the production of a protein of the expected size (-165 kDa) and resulted in an -20-fold increase in bumetanide-sensitive 86Rb influx above control cells.
